We have examined difference in embrittlement behavior of characteristic Zr-based metallic glasses of Zr 55 Cu 30 Al 10 Ni 5 , Zr 59 Cu 31 Al 10 and Zr 65 Cu 17:5 Ni 10 Al 7:5 . All of the metallic glasses are embrittled with the precipitation of crystalline phases, and the crystalline phases for the Zr 55 Cu 30 Al 10 Ni 5 metallic glass change in annealing temperatures of T g -15 K and T x -50 K. The embrittlement behavior is relating well with the behavior of the precipitated crystalline phases and is caused with step-wise process when the several kinds of crystalline phases are precipitated continuously and complexly. The precipitation of crystalline seems to relate to formation of shear band with the embrittlement behavior. Especially, CuZr 2 phase causes much shear band near fracture point with bending test.
Introduction
Many metallic glasses exhibit superior mechanical properties, 1) however it is known that the metallic glasses embrittle by crystalline precipitations [2] [3] [4] [5] [6] and structural relaxation [7] [8] [9] with heat treatment. Commonly, the metallic glass is stable at room temperature, and Zr-based metallic glasses are known as one of available metallic glass materials since a composition of large size bulk metallic glass (BMG) such as Zr 55 Cu 30 Al 10 Ni 5 1,10) was found. The Zr 55 Cu 30 Al 10 Ni 5 metallic glass has high workability with high thermal stability, and can be experimentally joined with welding without crystalline precipitation. [11] [12] [13] The high thermal stability is accompanied with wide supercooled liquid region, and it is known Zr 65 Cu 17:5 Ni 10 Al 7:5 metallic glass has widest supercooled liquid region (ÁT x ¼ T x À T g ) which reaches 125 K. 15) Otherwise, since Zr 59 Cu 31 Al 10 metallic glass having resistance behavior against the embrittlement with the structural relaxation is also experimentally discovered recently, 14) it is considered that the phenomenon is also relating with the stability of the metallic glass materials.
In the present study, to clarify the resistance behavior against the embrittlement, we have investigated the embrittlement behavior with the heat treatment for several kinds of the Zr-based metallic glasses. As characteristic Zr-based metallic glasses, we have selected the metallic glass compositions of Zr 55 Cu 30 Al 10 Ni 5 (conventional and standard composition of high strength), Zr 59 Cu 31 Al 10 (embrittlement resistance with structural-relaxation) 15) and Zr 65 Cu 17:5 -Ni 10 Al 7:5 (widest supercooled liquid region), 14) respectively.
Experimental Procedures
Alloy ingots of the Zr 55 Cu 30 Al 10 Ni 5 (nominal at%), Zr 59 Cu 31 Al 10 and Zr 65 Cu 17:5 Ni 10 Al 7:5 were prepared by arc-melting in an Ar atmosphere. From the prepared ingots, metallic glass sheets were produced by a twin-roller casting method, and were 10 mm in width and 0.200 to 0.230 mm in thickness. T g and T x of the sheets were determined by differential scanning calorimetry (DSC) under constant heating rate of 0.67 Ks À1 . The sheets were cut into smallpieces of 15 mm in length and 2 mm in width. The cut pieces were enclosed in evacuated quartz capsules, and were isothermally annealed at various temperatures (T g -50 K, T g -15 K and T x -50 K) for various times (from 0.3 s to 3110 ks). To confirm precipitation of crystalline phase, the annealed pieces were investigated by an X-ray diffractometer (XRD) with Cu-K radiation. The embrittlement behavior of the pieces was investigated by a bending fracture test. In the present study, the embrittlement behavior is evaluated from a fracture strain (" f ), which is defined by the following equation;
where L is the distance between the both ends of bending piece at fracture (the piece is bent by two parallel blocks, and the distance is a gap between parallel blocks) and t is the thickness of the piece. 4, 5) For the bending test, one side of the parallel block was still and other side of the block was moved by constant velocity of 0.25 mms À1 . The outer surfaces of the fractured pieces after the bending test were observed with a scanning electron microscope (SEM). Since annealed metallic glasses are often influenced by an oxygen embrittlement, 16) oxygen contents in the pieces were also analyzed by a He carrier fusion-infrared absorption method. In addition, as checking of one of change in mechanical properties, the annealed pieces were also investigated by a Vickers micro-hardness tester with a 4.9 N force for 15 s. For investigation of the embrittlement behavior using the bending test, since all of the annealed pieces are smaller than a soaking zone of the furnace and are broken in central section of the bending, the pieces are estimated as equally heated. In addition, although it is worried about the oxygen embrittlement with annealing, the oxygen content of the annealed pieces at 633 K is 140 ppm, and that at 663 K is 170 ppm. Since the oxygen content of the non-annealed pieces is 130 ppm, the content is not increased significantly with the annealing. Moreover, since it is known that the oxygen embrittlement of Zr-based metallic glasses causes with over 800 ppm, 16) the annealed pieces in the present study are not influenced. Figure 3 shows relationship of the annealing time dependence of the Vickers hardness for the various annealing temperatures. Commonly, the hardness means strength of the materials, and increasing of the hardness is indicating progression of the embrittlement. The hardness of the annealed Zr 59 Cu 31 Al 10 and Zr 65 Cu 17:5 -Ni 10 Al 7:5 metallic glasses increases significantly after onset of increasing, and the increasing behavior of hardness is good agreement with the embrittlement behavior with the bending test as shown in Fig. 2 . However, the hardness of the annealed Zr 55 Cu 30 Al 10 Ni 5 metallic glasses at T g -15 K and T x -50 K increases with step-wise. In addition, the embrittlement behavior of the annealed Zr 59 Cu 31 Al 10 metallic glass at T g -15 K is simple change, however the hardness seems to be decreasing temporarily just before the increasing. Since similar mechanical properties change is also observed in Charpy impact value of the Zr 60 Cu 30 Al 10 metallic glass, 17) the specific behavior seems to be characteristic behavior of these kinds of the hypoeutectic metallic glass compositions. Figure 4 shows 
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Discussion
In the present study, we have investigated difference of the embrittlement behavior for the several Zr-based metallic glasses, and following conclusions are summarized;
( In addition, the precipitated crystalline phases influence to the embrittlement behavior, and the metallic glasses are formed with much shear-band around the fracture points, when CuZr 2 phase is precipitated selectively. The relationship between the precipitated crystalline phases and the embrittlement behavior suggests that the behavior of the embrittlement and fracture can be controlled by selective precipitations of crystalline phases with selection of the metallic glass compositions. Figure 6 shows the relation of the amorphous/crystal phases against the annealing conditions for the various Zrbased metallic glasses, and solid-curves are meaning boundary of ductile/brittle regions. metallic glass at T g -15 K for 36 ks seems to be brittle without crystalline precipitation with XRD observation, we have confirmed crystalline phases are precipitated in the section by a previous study using a transmission electron microscope (TEM). 3) Consequently, the large transition section of the ductile/ brittle region seems to be caused by slow rate of crystal growth, which is accompanied with the continuous precipitations of several crystalline phases.
On the other hand, the boundary curves showed in Fig. 6 is not only drawn from the embrittlement behavior, but also described by the precipitation behavior of crystalline phases based on kinetic investigation. Three items as follows show the precipitation behavior of crystalline phases for the metallic glasses;
(1) Since the investigated crystalline phases with XRD for Zr 65 Cu 17:5 Ni 10 Al 7:5 metallic glasses are almost corresponding at the annealing temperatures of T g -15 K and T x -50 K, precipitation behavior of the several kinds of crystalline phases does not change with even different temperatures. (2) Although crystalline phases for the annealed Zr 59 -Cu 31 Al 10 metallic glass at T g -15 K are shown by weak diffraction intensity than that at T x -50 K, the crystallized phases are not different with the different temperatures. Since it is expected that crystalline phase of Al 3 Zr 4 or Al 3 Zr 5 , which appears only at T x -50 K, precipitates by prolonged time annealing, selective precipitation of specific crystalline phases is not caused. (3) For Zr 55 Cu 30 Al 10 Ni 5 metallic glass, precipitation of crystalline phase of Al 5 Ni 3 Zr 2 , which can not observe with annealing at T g -15 K, is observed at T x -50 K. On the other hand, since precipitation of CuZr 2 phase is progressed at T g -15 K rather than T x -50 K and seems to be having reverse temperature dependence against the precipitation of Al 5 Ni 3 Zr 2 , the precipitated phases are different with the annealing temperatures. From the comparison, the precipitation behavior for Zr 55 Cu 30 Al 10 Ni 5 metallic glass is different from the others, and it can be also observed as difference of kinetic functions. Apparent activation energy of precipitations of crystalline phases is possible to estimate from the thermal analysis curve with DSC, 9, [18] [19] [20] . From the kinetic functions, it is possible to draw relation of precipitated crystalline phases against various temperatures and times, and the boundary curves as shown in Fig. 6 are almost corresponding to the precipitation behavior accompanied with the kinetic calculations. Inflection point of the boundary curve for Zr 55 Cu 30 Al 10 Ni 5 metallic glass as shown in Fig. 6 is drawn by crossing of onset lines of crystalline phases which are CuZr 2 and Al 5 Ni 3 Zr 2 , and the phenomenon is also corresponding to the previous researches which are investigated with XRD and TEM. 3, 21) Since the precipitated crystalline phases for the annealed Zr 55 Cu 30 Al 10 Ni 5 metallic glass are complex than that of the annealed Zr 59 Cu 31 Al 10 and Zr 65 Cu 17:5 Ni 10 Al 7:5 metallic glasses, it is plausible to consider that the continuous precipitations of crystalline phases cause saving of precipitation of specific crystalline phase such as CuZr 2 .
For the formation of the shear band, it seems to relate significantly to the precipitation of tetragonal type crystalline of CuZr 2 than the precipitation of cubic type crystalline such as Al 5 Ni 3 Zr 2 and NiZr 2 . Moreover, since the Vickers hardness for the annealed Zr 65 Cu 17:5 Ni 10 Al 7:5 metallic glass at 608 K (T g -15 K) for 31.8 ks keeps a original state (which means total amount of crystalline is not increasing) against the precipitation of CuZr 2 of distinguishable size with XRD, the formation of the shear band seems to be related with total amount of the crystalline. In addition, since it is known the precipitation of nano-size crystalline phase is effective for reinforcement of the Zr 55 Cu 30 Al 10 Ni 5 metallic glass, 22) it is reasonable to consider that the precipitation of specific crystalline phases is also effective for saving of the embrittlement. From the investigations of precipitated phases as shown in Fig. 4 and shear band at the fractured surfaces as shown in Fig. 5 , formation of the shear band is confirmed with CuZr 2 precipitated samples which are the annealed Zr 55 Cu 30 Al 10 Ni 5 metallic glass at 633 K (T g -15 K) for 3.18 ks and the annealed Zr 65 Cu 17:5 Ni 10 Al 7:5 metallic glass at 608 K (T g -15 K) for 31.8 ks. Therefore, it can be also considered as CuZr 2 phase causes formation of the shear band and is effective for hindering of the embrittlement. However, since much precipitation of even CuZr 2 phase causes the embrittlement surely, quantitative saving of the precipitation is necessary for controlling of the progression of embrittlement behavior. Therefore, since kinetically quantitative saving of the precipitation of several crystalline phases is performed by selecting of the metallic glass compositions, it has been suggested that utilizing of two ways (precipitation of CuZr 2 which causes shear band, and kinetic controlling process of precipitation of crystalline phases) complexly is effective for the controlling of progression of embrittlement.
Summary
We have investigated the relationship between the precipitated crystalline phases and mechanical properties as the embrittlement behavior using the bending test (1) The all investigated metallic glasses are embrittled with the crystalline precipitations, and the complex embrittlement behavior and the hardness changes such as the step-wise process are obeyed well with the complex precipitation behavior of crystalline phases, which has different annealing temperature and time dependence. (2) The precipitation of the tetragonal type crystalline phase of CuZr 2 causes the formation of shear-band which is effective for saving of the embrittlement. (3) When the several kinds of cubic type crystalline phases such as Al 5 Ni 3 Zr 2 and NiZr 2 are precipitated, since the precipitation of CuZr 2 phase becomes decrease, the embrittlement caused by the excessive precipitation of the crystalline phases is controlled.
